We incorporated an additional p-type organic semiconductor layer (APL) between the anode and the phthalocyanine layer, which is an indispensable p-type semiconductor layer (IPL) in forming a p/n junction with a fullerene C 60 layer. We used two thiophene/phenylene co-oligomers as the APL. The incorporation increases the short-circuit current density (J SC ) and enhances incident photon-current conversion efficiency (IPCE) over the wavelength region where the APL shows strong absorption.
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Organic photovoltaic (PV) cells have received a lot of attention because of their potential use in applications, such as in flexible solar cells, and the low-cost production of those applications. [1] The power conversion efficiency (PCE) of organic PV cells has been increasing, [2] [3] [4] [5] [6] [7] [8] [9] but further enhancements are required before being utilised in practical applications. To enhance the PCE, researchers must first increase the intensity of light absorption as well as broaden the available spectrum. In this context, tandem-stacking organic PV cells [7, 10, 11] is one viable option, because we can basically use four different organic semiconductors (two p-type and two n-type) in a tandem device, and each material would cover its own specific absorption spectrum. [7, 11] However, in the case of tandem devices, performance matching between each cell is very important. For example, in the case of series-connected tandem PV cells, while the open-circuit voltage (V OC ) is the summation of each individual V OC , the short-circuit current (J SC ) should be limited to the lowest J SC in each cell. [7] Although balancing each cell is the key, matching the performance of each cell in the best state will be difficult.
Here, we will demonstrate another method by which we can use three or more organic semiconducting materials, and in which all the materials contribute to light absorption and to the generation of charge carriers.
We introduced an additional p-type organic semiconductor layer (APL) into organic PV cells that have a single p/n junction. In this sense, the devices are not tandem, as shown in Fig. 1(a) . The APL was located between an electrode and an indispensable p-type layer (IPL), which was directly connected to an n-type layer (NL).
By tuning the energy difference between the bandgap energies of both p-type materials, an APL bandgap larger than that of the IPL could be achieved, and the APL exciton produced by optical absorption could be transferred to the IPL, resulting in the creation of additional IPL excitons. Essentially, there is no distinguishable difference between the two types of IPL excitons produced by direct optical excitation and transfer, and consequently, the IPL exciton created by exciton transfer should also separate into charge carriers at the p/n junction in the same way. In short, by achieving interlayer excitation energy transfer between the APL and the IPL, PV cells can be sensitized by utilizing the light absorbed by the APL.
In relation to this work, Hidel et al. have reported the sensitization of organic PV cells by incorporating an 'antenna' layer. [12] The antenna layer was positioned externally between the cathode and the anode, and was coupled with an organic PV component based on energy transfer via surface plasmon polaritons (SPPs) through a thin Ag cathode. While the 15-20-nm-thick Ag cathode successfully increased the quantum efficiency of energy transfer from the antenna, such a thin metal electrode leads to undesirable higher series resistances. The device proposed in the present study used an APL placed internally between the anode and the cathode as an antenna; it therefore requires no thin electrode with high resistivity. In addition, the SPP-based antenna required high photoluminescence (PL) efficiency, [12] whereas the APL does not require high light emissivity. This is essentially because excitation transfer from the APL to the IPL is based on a common form of nonradiative excitation energy transfer, such as Förster resonance excitation transfer (FRET) and Dexter electron exchange excitation transfer. [13, 14] Figure 1(b) shows the schematic device structure employed in the present study, planar junction-based PV cells, [19] because we used thinner CuPc and C 60 layers to evaluate the effectiveness of the APL. Figure 3 shows the IPCE spectra of the two devices. The IPCE increases in the shorter wavelength region where BP3T has strong absorption, as shown in the inset of the figure. This result suggests that the BP3T exciton produced by optical absorption is transferred to the CuPc layer and that the CuPc exciton created by the transfer was converted to charge carriers at the interface of CuPc/C 60 . It is possible that the sensitization resulted from a direct contact between BP3T and C 60 , through defects in the CuPc layer because of the thinness of the layer;
we will discuss this point later. Note that another increase occurs around 600 nm, which may not have been caused by the transfer. We are not sure why this other increase occurred, but we believe that the BP3T layer can prevent the CuPc exciton, produced by optical absorption, from quenching by the PEDOT:PSS layer. Figure 4 shows the IPCE spectrum of another cell using BP3T, in which we replaced CuPc with SnPc as the IPL (device structure abbreviated as BP3T/SnPc/C 60 ).
We observed no noticeable enhancement of IPCE due to light absorption by BP3T as compared to its reference device that contained no BP3T layer (SnPc/C 60 ). These devices include two heterojunctions: one is IPL/C 60 and the other is APL/IPL. We believe that charge separation occurred in the case of the APL excitons at the APL/IPL interfaces possibly because the lowest unoccupied molecular orbital (LUMO) levels of BP3T and P6T are higher than those of the phthalocyanine (Pc) derivatives used. [20] If the sensitization by the APL occurred because of charge separation at the APL/IPL interface, then the efficiency of charge separation in the case of the Marcus normal region increases with the increasing negativity of the LUMO level of SnPc should lead to more efficient. [21] However, no noticeable enhancement of IPCE due to BP3T occurred for the BP3T/SnPc device, as shown in Fig. 4 . Consequently, the sensitization mechanism by the APL differs from the double exciton dissociation at both sides of a Pc layer reported by Sista et al. [22] and Zhang et al. [23] There could essentially be a difficulty with this double exciton-dissociation in that the layer, both sides of which would contribute to exciton dissociations, would need to have sufficient charge-carrier mobilities for both electron and hole.
On the other hand, a remarkable enhancement appeared from 400 nm to 550 nm in the case of the device with the P6T/SnPc/C 60 structure. As shown in the inset of Fig. 4 , the surfaces of both the BP3T and P6T layers were slightly rough as a result of the high crystalline nature of these materials, and the root-mean-square roughness 
